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A B S T R A C T  

This  p a p e r  i s  concerned w i t h  t h e  impact  on t h e  S a t u r n  
V Workshop a t t i t u d e  c o n t r o l  s y s t e m s  o f  a c q u i r i n g  and h o l d i n g  an  
E a r t h - p o i n t i n g  a t t i t u d e .  Three d i f f e r e n t  methods of a c q u i r i n g  
t h i s  a t t i t u d e  f r o m  t h e  s o l a r  i n e r t i a l  a t t i t u d e  are d i s c u s s e d .  
The p r imary  p r a c t i c a l  r e s u l t s  are:  

1. The CMGs have t h e  c a p a b i l i t y  t o  s t ab i l i , ze  t h e  Workshop 
i n  t h e  X I O P / Z - L V  mode (X-axis i n  t h e  o r b i t a l  p l a n e ,  
Z-axis a l o n g  t h e  l o c a l  - ver t i ca i ) .  

- - 
- - 

2.  The maneuvers r e q u i r e d  t o  a c q u i r e  t h i s  E a r t h - p o i n t i n g  
a t t i t u d e  can be performed by t h e  CMGs o n l y  i f  t h e  R C S l  
i s  used  t o  d e s a t u r a t e  ( o r  dump) t h e  b i a s  momentum which 
accumula tes  i n  t h e  C M G s .  

These r e s u l t s  (which are based  on t h e  v a r i a t i o n  o f  t h e  
r e s u l t a n t  CMG a n g u l a r  momentum v e c t o r )  l e a d  t o  t h e  c o n c l u s i o n  
t h a t  t h e  CMGs c o u l d  be t h e  pr imary c o n t r o l  system i n  XIOP/Z-LV 
w i t h  t h e  RCS used  o n l y  for  dumping. T h i s  c o n t r o l  o p t i o n  can 
pe r fo rm E a r t h - p o i n t i n g  a t t i t u d e  c o n t r o l  o f  t h e  Workshop f o r  less 
t h a n  2 0 %  o f  t h e  p r o p e l l a n t  which would be r e q u i r e d  i f  a t t i t u d e  
c o n t r o l  w e r e  performed by RCS a l o n e .  

There i s ,  i n  a d d i t i o n ,  t h e  i m p o r t a n t  t e c h n i c a l  r e s u l t  
t h a t  an accumula t ion  of  b ias  momentum i n  t h e  CMGs as a r e s u l t  
of a c o n s t a n t  e x t e r n a l  t o r q u e  c a n  o c c u r  o n l y  a b o u t  t h e  s p i n  a x i s  
( i n  t h i s  case, t h e  a x i s  w h i c h  i s  p e r p e n d i c u l a r  t o  t h e  o r b i t a l  
p l a n e ) .  I t  i s  shown t h a t  a c o n s t a n t  t o r q u e  a p p l i e d  abou t  a space- 
c r a f t  a x i s  which i s  i n  t h e  p l a n e  g e r p e n d i c u l a r  t o  t h e  s p i n  a x i s  

I R C S  d e n o t e s  here a g e n e r i c  r e a c t i o n  c o n t r o l  system which 
on t h e  AAP C l u s t e r  c a n  be e i t h e r  Fhe TACS on  t h e  SVWS o r  t h e  RCS 
on t h e  CSM. 



1 , 

, 

w i l l  produce a p e r i o d i c  momentum change i n  t h e  CMGs. Th i s  r e s u l t  
i s  e s p e c i a l l y  impor t an t  f o r  t h e  example which i s  c o n s i d e r e d  i n  
t h i s  pape r  s i n c e  t h e  impor tan t  d i s t u r b a n c e  t o r q u e s  a c t i n g  on an 
E a r t h - p o i n t i n g  s a t e l l i t e  a r e  c o n s t a n t  r e l a t i v e  t o  t h e  s p a c e c r a f t .  

F i n a l l y ,  i t  i s  shown t h a t  t h e  momentum which does accumu- 
l a t e  i n  t h e  CMGs due t o  t h e  to rque  about  t h e  s p i n  a x i s  can be 
dumped e i t h e r  wi th  an RCS o r  by performing vehicle maneuvers on 
t h e  da rk  s i d e  of t h e  o r b i t .  
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TECHNICAL MEMORANDUM 

I. I N T R O D U C T I O N  

T h i s  pape r  i s  concerned w i t h  t h e  impact on t h e  S a t u r n  . .  -- v Workshop <SVKS j di;i;iiude cw1ii;riul sYS Leiis of aeqiiii-ing 2nd 
h o l d i n g  an Ea r th -po in t ing  a t t i t u d e .  
a c q u i r i n g  t h i s  a t t i t u d e  from t h e  s o l a r  i n e r t i a l  ( S I )  a t t i t u d e  
are d iscussed .  These a t t i t u d e  ( o r  a c q u i s i t i o n )  o p t i o n s  are: 

Three  d i f f e r e n t  methods of 

A 0 1 .  Noon a c q u i s i t i o n  of o r b i t a l  r a t e ,  

A02. Midnight a c q u i s i t i o n  of o r b i t a l  r a t e  w i t h  p reced ing  
r o l l  maneuver, and 

A03. Ea r th -po in t ing  a c q u i s i t i o n  immediately p reced ing  
experiment  zone. 

I n  a d d i t i o n ,  f o u r  d i f f e r e n t  c o n t r o l  o p t i o n s  (CO) are cons ide red .  
They are: 

CO1. Con t ro l  moment gyros ( C M G s )  f o r  a c q u i s i t i o n ,  s t a b i l i -  

C 0 2 .  

z a t i o n  and momentum dumping. 

React ion c o n t r o l  s y s t e m  (RCS) '  f o r  a c q u i s i t i o n  and 
s t a b i l i z a t i o n .  

C03. CMGs f o r  a c q u i s i t i o n  and s t a b i l i z a t i o n ;  RCS f o r  
momentum dumping. 

C04.  CMGs f o r  s t a b i l i z a t i o n ;  RCS f o r  a c q u i s i t i o n  and 
momentum dumping. 

The pr imary p r a c t i c a l  r e s u l t s  a r e  t h e  fo l lowing :  

I f  t h e  CMGs have t h e  c a p a b i l i t y  t o  s t a b i l i z e  a g iven  
i n e r t i a l  a t t i t u d e ,  t hen ,  w i t h  p rope r  i n i t i a l i z a t i o n ,  
t h e y  have t h e  c a p a b i l i t y  t o  s t a b i l i z e  t h e  cor responding  

1. 

'In t h i s  paper  RCS w i l l  be used t o  denote  b o t h  t h e  TACS and 
t h e  r e a c t i o n  c o n t r o l  system of t h e  CSM. 
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E a r t h - p o i n t i n g  a t t i t u d e .  1 

2 .  The maneuvers r e q u i r e d  t o  a c q u i r e  an E a r t h - p o i n t i n g  
a t t i t u d e  can b e  performed by t h e  C M G s  o n l y  i f  some 
a s s i s t a n c e  i s  provided by t h e  RCS f o r  dumping t h e  
b i a s  momentum accumulated by t h e  CMGs. 

These r e s u l t s  a r e  based on an a n a l y s i s  of  t h e  v a r i a t i o n  of t h e  
components of t h e  t o t a l  CMG a n g u l a r  momentum v e c t o r ,  n o t  on t h e  
d e t a i i s  oi giiibzl aiiglz ~ , o t i ~ > .  

There i s ,  i n  a d d i t i o n ,  t h e  impor t an t  t e c h n i c a l  r e s u l t  
t h a t  an accumulat ion of b i a s  momentum i n  t h e  CMGs a s  a r e s u l t  
of a c o n s t a n t  e x t e r n a l  to rque  can occur  on ly  abou t  an a x i s  per-  
p e n d i c u l a r  t o  t h e  o r b i t a l  p l a n e .  It  i s  shown t h a t  a 
c o n s t a n t  t o r q u e  a p p l i e d  about a s p a c e c r a f t  a x i s  which l i e s  i n  
t h e  o r b i t a l  p l a n e  produces an o s c i l l a t i n g  momentum change. Some 
b i a s  accumulat ion i s  p o s s i b l e  due t o  t h e  d i u r n a l  bu lge  e f f e c t  
i n  t h e  atmosphere b u t  t h i s  i s  shown t o  be q u i t e  sma l l .  

The o r g a n i z a t i o n  of t h i s  m a t e r i a l  i s  as fo l lows:  I n  
S e c t i o n  I1 a d e t a i l e d  a n a l y s i s  of  t h e  c a p a b i l i t y  of t h e  CMGs t o  
s t a b i l i z e  an E a r t h - p o i n t i n g  a t t i t u d e  i s  p r e s e n t e d ;  S e c t i o n  I11 
c o n t a i n s  an e v a l u a t i o n  of t h e  v a r i o u s  a t t i t u d e  and c o n t r o l  op- 
t i o n s ;  and S e c t i o n  I V  i s  r e se rved  f o r  s o m e  concluding  comments. 

11. ATTITUDE HOLD O F  AN EARTH-POINTING ORIENTATION W I T H  CMGS 

The e q u a t i o n s  of motion r e l a t i v e  t o  a se t  of c o o r d i n a t e s  
which a r e  f i x e d  i n  a s p a c e c r a f t  c o n t a i n i n g  CMGs i s  g iven  by 

where: I = t h e  3 x 3 i n e r t i a  t e n s o r ,  

w = a 3 x 1 m a t r i x  r e p r e s e n t i n g  t h e  a n g u l a r  v e l o c i t y  - 
of t h e  s p a c e c r a f t  r e l a t i v e  t o  a s e t  of i n e r t i a l  
c o o r d i n a t e s ,  

%I 
w = t h e  3 x 3 skew-symmetric m a t r i x  which i s  isomorphic  

t o  t h e  v e c t o r  c ros s -p roduc t  o p e r a t o r ,  

'An Ear th -po in t ing  c o o r d i n a t e  system i s  d e f i n e d  t o  cor respond 
t o  an i n e r t i a l  c o o r d i n a t e  system i f  t h e y  d i f f e r  o n l y  by an a n g u l a r  
d i sp l acemen t  about  an a x i s  which i s  p e r p e n d i c u l a r  t o  t h e  o r b i t a l  
p l a n e .  
o r b i t a l  ra te  and t is  t h e  v a r i a b l e  r e p r e s e n t i n g  t i m e .  

This  d i sp lacement  is given  by w o t  where wo e q u a l s  t h e  
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- N = a 3 x 1 m a t r i x  r e p r e s e n t i n g  t h e  t o t a l  e x t e r n a l  
t o r q u e  v e c t o r  a c t i n g  on t h e  s p a c e c r a f t ,  and 

- H = a 3 x 1 m a t r i x  which r e p r e s e n t s  t h e  vector sum of 
t h e  i n d i v i d u a l  s p i n  a n g u l a r  momenta c o n t r i b u t e d  
by each  CMG. T h a t  i s ,  f o r  a system c o n t a i n i n g  n 
CMGs w i t h  t h e  s p i n  a n g u l a r  momentum of t h e  

ith CMG given  by hi, 

i= 1 

The d o t s  over 2 and H i n  (1) d e n o t e  t h e  t i m e  rate of change of 
t h o s e  v e c t o r s  a s  measured i n  a se t  o f  c o o r d i n a t e s  f i x e d  i n  t h e  
s p a c e c r a f t .  

momentum requi rements  on t h e  CMGs of an E a r t h - p o i n t i n g  space-  
c r a f t  i n  a c i r c u l a r  o r b i t ,  l e t  

For t h e  purpose o f  i n v e s t i g a t i n g  t h e  a t t i t u d e - h o l d  

( 3 )  w = w  + A w  
- 0 -  - 

where i s  t h e  c o n s t a n t  o r b i t a l  r a t e  abou t  t h e  a x i s  which i s  
p e r p e n d i c u l a r  t o  t h e  o r b i t a l  p l a n e  (and which w i l l  be c a l l e d  
t h e  POP a x i s ) .  S u b s t i t u t i o n  of ( 3 )  i n t o  (1) y i e l d s  

( 4 )  I A ;  + (:o+A:) I ( w  + A m )  
Q -  

+ ;+  - ( w o + A w ) H  'I, PI, = N . 
I - 

The assumption i s  now made t h a t  t h e  CMG c o n t r o l  system i s  c a p a b l e  
o f  m a i n t a i n i n g  t h e  a c t u a l  s t a t e  of t h e  system i d e n t i c a l l y  e q u a l  
t o  t h e  d e s i r e d  s t a t e .  Then ,  - A w  = - 0 and (4) becomes 

( 5 )  
A 

'I, ; + ; H = N - L I I ~  = T .  
0 4  - - 0- . - 
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This  assumption i s  c e r t a i n l y  j u s t i f i e d  f o r  t h e  d e t e r m i n a t i o n  of 
t h e  CMG momentum c a p a c i t y  which w i l l  be r e q u i r e d  t o  s t a b i l i z e  
a p a r t i c u l a r  a t t i t u d e .  The  neg lec t ed  t e r m s  a r e  merely p e r t u r b a -  
t i o n s  [l] from t h e  s o l u t i o n  of ( 5 ) .  

S i n c e  w i s  c o n s t a n t ,  ( 5 )  i s  a l i n e a r ,  t i m e - i n v a r i a n t ,  
Q 

v e c t o r  d i f f e r e n t i a l  e q u a t i o n  which can be so lved  ( e .g .  by Laplace 
t r a n s f o r m )  once t h e  e x t e r n a l  t o r q u e s  a r e  d e f i n e d .  Before t h i s  
i s  done,  however, t w o  c o o r d i n a t e  systems w i l l  be  d e f i n e d .  

The  o r b i t - r e f e r e n c e d  coord ina te  system (OF, !  is 
and Z which a r e  d e f i n e d  a s  f o l l o w s :  

0 
. I  

, s p e c i f i e d  by axes  Xo, 

- p e r p e n d i c u l a r  t o  t h e  o r b i t a l  p l a n e  ( P O P ) ;  
p o s i t i v e l y  d i r e c t e d  t o  make an a c u t e  ang le  
wi th  t h e  e c l i p t i c  North Pole, 

yo 

- a long  t h e  l o c a l  v e r t i c a l ;  p o s i t i v e l y  d i r e c t e d  
zo towards t h e  g e o c e n t e r ,  

- completes t h e  o r thogona l  r i g h t  t r i a d .  
xO 

The geometr ic  c o o r d i n a t e  system ( G S )  i s  d e f i n e d  i n  
F i g u r e  1. Note t h a t  when the  G S  i s  a l i g n e d  wi th  t h e  ORS t h e  

s p a c e c r a f t  i s  i n  t h e  XIOP/Z-LVl  a t t i t u d e  mode. 

Equat ion (5 )  w i l l  be s o l v e d  i n  t h e  O R s .  For t h e  c a s e  
where t h e  G S  i s  a l i g n e d  w i t h  t h e  O R s ,  t h e  s o l u t i o n s  w i l l  y i e l d  
t h e  r e q u i r e d  CMG momentum v a r i a t i o n  r e l a t i v e  t o  s p a c e c r a f t  
c o o r d i n a t e s .  When these systems a r e  n o t  a l i g n e d ,  e .g .  i f  t h e y  
d i f f e r  by a c o n s t a n t  X-axis t r a n s f o r m a t i o n ,  t h e  s o l u t i o n  o f  ( 5 )  
must be t ransformed i n t o  t h e  G S .  

R e l a t i v e  t o  t h e  ORS t h e n ,  t h e  t r a n s p o s e  o f  is  g iven  
by = [ 0  w 01 and t h e  expanded and t ransformed v e r s i o n  of 

( 5 )  f o r  a r b i t r a r y  - T ( t )  i s  given by 
0 

s H  ( s )  = T ( s )  + H ( O + )  
Y Y Y 

'x-axis i n  t h e  o r b i t a l  p l a n e ,  Z-axis a long l o c a l  v e r t i c a l .  
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where t i s  t h e  t i m e  v a r i a b l e  and t h e  i n i t i a l  t i m e ,  f o r  i s  t a k e n  
e q u a l  t o  ze ro .  No t i ce  t h a t  t h e  Y-axis e q u a t i o n  e x h i b i t s  t h e  
b e h a v i o r  t h a t  i s  expec ted  when t h e  CMGs h o l d  an i n e r t i a l  a t t i -  
t u d e .  T h a t  i s ,  t h e  momentum change a b o u t  a g i v e n  a x i s  i s  e q u a l  
t o  t h e  i n t e g r a l  o v e r  t i m e  of t h e  t o r q u e  which i s  a c t i n g  a b o u t  
t h a t  a x i s .  Th i s  i s  because  t h e  Y-axis i s  t h e  a x i s  o f  r o t a t i o n  
and i s  f i x e d  r e l a t i v e  t o  a s e t  o f  i n e r t i a l  c o o r d i n a t e s .  On t h e  
o t h e r  hand,  t h e  e q u a t i o n s  f o r  t h e  momentum v a r i a t i o n  abou t  t h e  
a x e s  which l i e  i n  t h e  o r b i t a l  p l a n e  a re  coupled.  The s i m u l t a -  
neous s o l u t i o n  of t h e s e  e q u a t i o n s  leads t o  t h e  c h a r a c t e r i s t i c  
e q u a t i o n  s which i m p l i e s  t h a t  t h e  n a t u r a l  r e s p o n s e  

of t h i s  sys tem i s  an undamped o s c i l l a t i o n  o f  a n g u l a r  f r equency  

2 + w c 2  = 0 

0 .  
0 

These genera l  p r i n c i p l e s  are now a p p l i e d  t o  t h e  problem 
of h o l d i n g  t h e  S'cTT?7S i n  XIOP/Z-LV and a c t e d  upon by g r a v i t y -  

g r a d i e n t  to rques . '  The problem i s  made n o n - t r i v i a l  by assuming 
a non-diagonal  i n e r t i a  t e n s o r  f o r  t h e  Workshop. Tha t  i s ,  t h e  
g e o m e t r i c  axes  w i l l  be  k e p t  XIOP/Z-LV i n s t e a d  o f  t h e  p r i n c i p a l  
axes .  The g r a v i t y - g r a d i e n t  t o r q u e  f o r  t h i s  problem i s  c o n s t a n t  
unde r  t h e  assumpt ions  made above as are t h e  e f f e c t s  o f  t h e  
w Iw t e r m .  A t i m e  domain s o l u t i o n  of ( 5 )  under  t h e s e  circum- 
s t a n c e s  i s  g iven  by 

% 

0 - 0  

H x ( t )  = {-TZ/wo + [Hx(O+) + TZ/uo] COS w 0 t 

-[H~(o+) - T /ao] s i n  w o t f  Y 

(7) 
3- 

H ( t)  = H ( O + )  + 1 T d t  
Y Y Y 

0 

+ + TZ/W0I s i n  

'Since t h e  CMGs c a n  hold t h e  s p a c e c r a f t ' s  a t t i t u d e  v e r y  
close t o  t h e  nominal XIOP/Z-LV, t h e  end o f  t h e  c y l i n d e r  i s  
p o i n t e d  i n t o  t h e  "wind" as a r e  t h e  edges  of t h e  solar  p a n e l s .  
Using t h e  mass p r o p e r t i e s  g iven  i n  [ 2 ] ,  t h e  b i a s  momentum accumu- 
l a t i o n  i n  t h e  CMGs due t o  aerodynamic e f f e c t s  i s  c o n s e r v a t i v e l y  
e s t i m a t e d  t o  be 35 f t - l b - s e c / o r b i t .  
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where  Tx = -4wO2 I 
Y Z '  

T = 3 w 0  2 Ixz, 
Y 

2 
TZ = o 0 I 

XY 
and 

-6- 

I i , j  = x , y , z  a r e  t h e  a p p r o p r i a t e  e lements  of t h e  

i n e r t i a  t e n s o r .  
ij ' 

Note t h a t  t h e  o s c i l l a t o r y  terms i n  t h e  e q u a t i o n s  f o r  Hx and HZ 
can be e l i m i n a t e d  by a proper  cho ice  of H (O+) and HZ ( O + )  . I r 2  
F u r t h e r ,  n o t e  t h a t  t h e  i n i t i a l  t i m e  to could  have been chosen 
a r b i t r a r i l y ,  t h a t  i s  t h e  O+ reference i n  t h i s  problem i s  n o t  
r e l a t e d  t o  any o r b i t a l  t i m e .  
o f  f i r i n g  of  a s e t  of t h r u s t e r s  which produce an a lmost  impuls ive  
t o r q u e  would be an a p p r o p r i a t e  c h o i c e  f o r  to. 

r e p r e s e n t s  t h e  SVWS i n  t h e  XIOP/Z-LV o r i e n t a t i o n  and i n  a 235  
n a u t i c a l  m i l e  c i r c u l a r  o r b i t  a r e  

X 

Therefore,  f o r  example, t h e  t i m e  

Some r e p r e s e n t a t i v e  numbers f o r  e q u a t i o n  ( 7 )  as it 

[ 2 1  

= 8 6  f t - l b - s e c  Tx/Wo 

= 1.5  f t - l b - s e c  
TZ/WO 

T d t  4,645 f t - l b - s e c  

U n f o r t u n a t e l y ,  t h e  e f f e c t  of a n  unusua l ly  l a r g e  Ixz t e r m  appea r s  

abou t  t h e  a x i s  of r o t a t i o n  w h i c h  means t h a t  4,645 f t - l b - s e c  of 
momentum must be dumped p e r  o r b i t .  
t h a t  t h i s  dumping can be  achieved by t h e  g r a v i t y - g r a d i e n t  t o r q u e  
i f  a s i n g l e - a x i s  maneuver i s  p e r m i t t e d  on t h e  dark  s ide  of  t h e  
o r b i t .  
arguments f o r  u s i n g  RCS t h r u s t  f o r  dumping 

I t  i s  shown i n  Appendix A 

I 

For t h e  AAP Ear th -po in t ing  modes, however, there are good 

'This i s  n o t  used ,  however, i n  t h e  example p r e s e n t e d  i n ' t h i s  

2 ~ 1 s o ,  n o t e  t h a t ,  s i n c e  t h e  p o s i t i o n  of H r e l a t i v e  t o  space-  

(See Table  1 i n  92). 
, 

pape r .  

c r a f t  c o o r d i n a t e s  can be  v a r i e d  t o  produce a s p e c i f i e d  t o r q u e ,  
t h e  s o l u t i o n  of (5 )  when T = 0 must be H = 0 t o  avoid  n e e d l e s s  
gimbal  motion. 

> 

1 - - - - 
i 
1 

~ 
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An a l t e r n a t e  method-of r educ ing  t h e  l a r g e ,  Y-axis 
b i a s  momentum accumulat ion i s  t o  hold  an a t t i t u d e  which d i f f e r s  
on ly  by a s m a l l ,  Y-axis r o t a t i o n ,  8 ,  from XIOP/Z-LV. The 
g r a v i t y - g r a d i e n t  t o r q u e  for t h i s  c o n d i t i o n  i s  g iven  by 

I s i n  2 8  - I (l-tcos 2 8 )  
XY Y Z  

) s i n  28  + 21xz cos  2 8  ( I z z -  I X X  
N = 1 . 5 ~ ~  
- g g  

The Y component of  t h i s  expres s ion  i s  n u l l e d  when e = - 4 . 4  
d e g r e e s  f o r  t h e  SVWS. T h i s  i s  t h e  a n g l e  wh ich  removes t h e  X-axis 
component ( i n  t h e  O R s )  o f  t h e  vector Iazo 
v e c t o r  a long  t h e  l o c a l  v e r t i c a l  ( t h e  - Z o  a x i s  i n  t h e  ORS). 
s i g n i f i c a n t  i n c r e a s e  i n  t h e  momentum requi rement  about  t h e  X and 
Z axes  of  t h e  G S  i s  caused by t h i s  r o t a t i o n .  

where azo i s  a u n i t  

N o  

111. AAP APPLICATIONS 

The e s t a b l i s h m e n t  of t h e  mathemat ica l  model f o r  t he  
momentum requi rements  of t h e  CMGs of t h e  S W S  f o r  ho ld ing  a 
l oca l  v e r t i c a l  a t t i t u d e  enab le s  an e v a l u a t i o n  of  v a r i o u s  p o s s i b l e  
o p t i o n s  f o r  performing Ea r th  r e s o u r c e s  exper iments .  A s  mentioned 
i n  § I ,  three a t t i t u d e  o p t i o n s  and f o u r  c o n t r o l  o p t i o n s  were 
s t u d i e d .  The r e s u l t s  a r e  p r e s e n t e d  i n  m a t r i x  form i n  Table  1 
and p r e s e n t e d  i n  more d e t a i l  i n  t h e  seque l .  

o f  t h e  l o c a l  v e r t i c a l  a t t i t u d e ,  i s  cons ide red  because it i s  
easiest  t o  perform from a c o n t r o l  system s t a n d p o i n t .  
found t h a t  t h e  thermal  and power systems could  w i t h s t a n d  t w o  o r  
more consecu t ive  o r b i t s  o f  t h e  XIOP/Z-LV a t t i t u d e ,  t h e n  t h i s  
o p t i o n  would be worthy of c o n s i d e r a t i o n .  T h e  p r i n c i p a l  r e s u l t s  
are : 

The f i r s t  a t t i t u d e  o p t i o n  (AOl), t h e  noon a c q u i s i t i o n  

I f  it were 

1. A 0 1  could  be accomplished by three CMGs w i t h o u t  any 
RCS a s s i s t  (CO1). T h i s  i n c l u d e s  t h e  g r a v i t y - g r a d i e n t  
dump maneuver d e s c r i b e d  i n  Appendix A which i s  per -  
formed on t h e  dark  s i d e  of  t h e  o r b i t .  T h i s  i s  i l l u s -  
t r a t e d  i n  F i g u r e  2. The peak-to-peak (PTP)  v a r i a t i o n  
i n  I H I  - i s  7550 f t - l b - s e c  when on ly  t h e  g r a v i t y - g r a d i e n t  

'Recall  t h a t ,  u s ing  t h i s  n o t a t i o n ,  t h e  g r a v i t y - g r a d i e n t  
22, t o r q u e  i s  g iven  by N = 3 w 0  aZoIaZo. - g g  
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2 .  

3 .  

4 .  

t o r q u e  i s  cons idered .  Hence, t h i s  c o n t r o l  o p t i o n  
would h e  i m p o s s i b l e  i f  one o f  t h e  CMGs w e r e  d i sab led .  

The p r o p e l l a n t  consumption es t imate  f o r  A 0 1  i f  RCS 
c o n t r o l  i s  used  e x c l u s i v e l y  ( C 0 2 )  i s  approx ima te ly  
1 , 0 0 0  l b - s e c / o r b i t  f o r  one o r b i t .  T h i s  i n c l u d e s  an  
e x t r a  80  lb-sec t o  account  f o r  t h e  e f f e c t s  o f  t h e  
aerodynamic t o r q u e  and o t h e r  c o n t i n g e n c i e s .  

I f ,  i n s t e a d  of t h e  g r a v i t y - g r a d i e n t  dump maneuver i n  
G I ,  t h e  dumplrig is dcnz by t h e  ?.CS [ C n ? ) ;  t-hen t h e  
res t  o f  A 0 1  c o u l d  be performed w i t h  2 CMGs. The 
p r o p e l l a n t  requi rement  es t imate  f o r  C 0 3  i s  200  lb-sec 
o r b i t .  T h i s  i n c l u d e s  an es t imate  f o r  i n i t i a l i z i n g  
t h e  inomentum v e c t o r  such  t h a t  t h e  t o t a l  change  i n  [HI 
i s  minimized. If t h i s  i s  done t h e  PTP change i n  IHT - 
i s  approximate ly  4 , 8 0 0  f t - lb -sec .  

S i n c e  most of t h e  RCS p r o p e l l a n t  i n  C 0 2  i s  r e q u i r e d  
f o r  maneuvering, C04  i s  r e l a t i v e l y  u n a t t r a c t i v e .  About 
200  l b - s e c / o r b i t  of  p r o p e l l a n t  cou ld  be saved by hold- 
i n g  a t t i t u d e  with CMGs b u t  8 0 0 #  sec /orb i t  would s t i l l  
be  r e q u i r e d .  

A t t i t u d e  o p t i o n  2 ( A 0 2 )  i s  i l l u s t r a t e d  i n  F i g u r e  3 .  
The local  ve r t i ca l  a t t i t u d e  i s  a c q u i r e d  s e q u e n t i a l l y .  F i r s t ,  
a r o l l  maneuver i s  i n i t i a t e d  a t  t h e  s u n s e t  t e r m i n a t o r  t o  a l i g n  
t h e  expe r imen t  window w i t h  t h e  l o c a l  v e r t i c a l  a t  midn igh t  where 
t h e  r o l l  r a t e  i s  removed and t h e  o r b i t a l  r a t e  i s  i n i t i a t e d  
a b o u t  t h e  p i t c h  ( Y )  a x i s .  Then, t h e  s p a c e c r a f t  s t a y s  i n  a l oca l  
v e r t i c a l  a t t i t u d e  f o r  one f u l l  o r b i t  o r  u n t i l  t h e  midn igh t  follow- 
i n g  a c q u i s i t i o n  a t  w h i c h  t i m e  t h e  o r b i t a l  r a t e  i s  removed and 
t h e  r e t u r n  r o l l  maneuver ra te  i n i t i a t e d .  F i n a l l y ,  t h e  r o l l  r a t e  
i s  removed a t  t h e  s u n r i s e  t e r m i n a t o r .  Th i s  a t t i t u d e  r e q u i r e s  
more c o n t r o l  e f f o r t  b u t  a l lows  a l o n g e r  expe r imen t  i n t e r v a l  for 
t h e  same d u r a t i o n  i n  t h e  l o c a l  v e r t i c a l  a t t i t u d e .  The r e s u l t s  
o b t a i n e d  by c o n s i d e r i n g  t h e  cost  of A 0 2  w i t h  each  o f  t h e  c o n t r o l  
o p t i o n s  are as follows: 

1. F i g u r e  4 i l l u s t r a t e s  t h e  v a r i a t i o n  o f  t h e  x, y and z 
components of H measured i n  s p a c e c r a f t  c o o r d i n a t e s  
o v e r  t h e  s o l a r - i n e r t i a l  a t t i t u d e  and th rough  a l l  t h e  
s t e p s  o f  A 0 2 .  S ince  t h e  da rk  s i d e  r o l l  maneuver does 
n o t  i n c l u d e  a g r a v i t y - g r a d i e n t  dump maneuver, t h e  Y 
a x i s  accumula tes  momentum because  o f  t h e  b i a s  g r a v i t y -  
g r a d i e n t  t o r q u e  mentioned i n  SII. T h i s  produces  a 
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large t r a n s i e n t  e f f e c t '  i n  t h e  Y and 2 a x e s  d u r i n g  t h e  
r e t u r n  r o l l  maneuver. The combina t ion  o f  t h e s e  two 
e f f e c t s  r e s u l t s  i n  a momentum requ i r emen t  t h a t  exceeds  
t h e  c a p a c i t y  of t h e  CMGs ( + 6 , 0 0 0  f t - l b - s e c )  . Thus, 
w i t h o u t  any RCS a s s i s t ,  t h i s  combina t ion  o f  o p t i o n s  i s  
n o t  c o n s i d e r e d  f e a s i b l e  u n l e s s  t h e  nominal  a t t i t u d e  in-  
c l u d e s  t h e  4 . 4  degree  o f f s e t  mentioned i n  §II .  

I f  t h e  same 80 lb-sec  es t imate  f o r  aerodynamic t o r q u e  
and o t h e r  c o n t i n g e n c i e s  i s  i n c l u d e d  f o r  t h e  A02-CO2 
combina t ion  as it was f o r  A O l - C O 2 ,  t h e n  t h e  p r o p e l l a n t  
consumption i s  1 , 1 6 0  l b - s e c / o r b i t  f o r  one o r b i t .  

F i g u r e  5 i l l u s t r a t e s  t h e  v a r i a t i o n  o f  t h e  x ,  y and z 
components of  13 r e l a t i v e  t o  s p a c e c r a f t  c o o r d i n a t e s  i f  
3 , 8 9 1  f t - l b - s e c  of Y-axis momentum i s  dumped immediate- 
l y  a f t e r  a c q u i s i t i o n  of t h e  o r b i t a l  rate.  T h i s  p r o f i l e  
c o s t s  1 2 0  i b - s e c  of p r o p e l l a n t / o r b i t .  Another 6 5  l b - s e c  
of  p r o p e l l a n t  cou ld ,  i f  j u d i c i o u s l y  a p p l i e d ,  r educe  t h e  
v a r i a t i o n  of t h e  x and z components of H t o  an i n s i g n i f -  
i c a n t  level .  

A s  i n  t h e  A01-CO4 combinat ion,  A02-CO4 saves 200 lb-sec 
r e l a t i v e  t o  t h e i r  cor responding  c o n t r o l  o p t i o n ,  i .e.  C02. 
S i n c e  t h e  CPlGs a r e  capab le  of  pe r fo rming  A01 and A02 
w i t h  less RCS a s s i s t  i t  i s  i n e f f i c i e n t  t o  u s e  them 
o n l y  f o r  a t t i t u d e  ho ld .  

The t h i r d  a t t i t u d e  o p t i o n  (A03) i s  i l l u s t r a t e d  i n  F i g u r e  
6 .  
b u t  h a s  t h e  most severe impact  on t h e  a t t i t u d e  c o n t r o l  sys tems.  
The numbers g i v e n  below f o r  t h e  v a r i o u s  c o n t r o l  o p t i o n s  a s s o c i a t e d  
w i t h  1103 co r re spond  t o  a G O  deg ree  expe r imen t  i n t e r v a l .  
i n t e r v a l  i s  i n c r e a s e d  t o  1 2 0  d e g r e e s t t h e  impact  on t h e  c o n t r o l l e r  
i n c r e a s e s  by a f a c t o r  o f  1 . 6  and t h e  roll maneuver must be 
i n i t i a t e d  a t  t h e  t e r m i n a t o r  i n s t e a d  of o r b i t a l  6 a . m .  
s i n c e  t h e  t i m e  i n  l oca l  v e r t i c a l  i s  r e l a t i v e l y  s m a l l ,  
t r o l  o p t i o n s  C O 1  and C 0 2  a r e  c o n s i d e r e d .  

Th i s  i s  t h e  b e s t  o p t i o n  f o r  t h e  t h e r m a l  and power sys tems 

I f  t h i s  

F u r t h e r ,  
o n l y  con- 

I f  80 lb-sec is  added f o r  c o n t i n q e n c i e s ,  t h e  pro-  
p e l l a n t  consumption e s t i m a t e  f o r  A03-CO2 i s  1310 l b - s e c / o r b i t .  

'The p r i n c i p l e s  which were o u t l i n e d  i n  S I 1  c an  be g e n e r a l i z e d  
t o  p r o v i d e  a mathemat ica l  model f o r  t h e  r o l l  maneuver s i n c e  it 
i n v o l v e s  s p i n n i n g  a t  a c o n s t a n t  ra te  a b o u t  a s p a c e c r a f t  a x i s .  
S i n c e  t h e  X a x i s  i s  now t h e  s p i n  a x i s ,  t h e r e  i s  c o u p l i n g  between 
t h e  Y and Z a x i s  mot ions .  

v a r i a t i o n  of t h e  C M G s .  
2That  i s ,  t h e  f u e l  consumption of t h e  RCS o r  t h e  momentum 
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This  i s  on ly  1 5 0  l b - s e c  more t h a n  t h e  c o s t  of A02-CO2.  There- 
f o r e ,  i f  a 6 0  dl?gree esperinient  i n t e r v a l  i s  s a t i s f a c t o r y ,  t h e  
requi rements  imposed by t h e  thermal  and power systems might  
d i c t a t e  t h e  cho ice  of  A03-CO2 r a t h e r  t h a n  A 0 2 - C 0 2 .  

F i n a l l y ,  i t  i s  easy t o  show t h a t  A03 cannot  be pe r -  
formed u s i n g  o n l y  CMG c o n t r o l  ( i . e .  C O 1 ) .  The pr imary problem 
i s  t h a t ,  even though t h e  r e q u i r e d  r a t e  f o r  t h e  maneuver from 
@ t o  0 i n  F i g u r e  6 i s  only t h e  n e g a t i v e  of  t h e  o r b i t a l  r a t e  
( . 0 6 2  d e g / s e c ) ,  t h e  r e q u i r e d  change i n  momentum t o  remove t h i s  
r a t e  and i n i t i a t e  t h e  o r b i t a l  r a t e ,  o l O ,  f o r  l o c a l  v e r t i c a l  
a c q u i s i t i o n  (a  r a t e  change equa l  t o  2 u  0 ) i s  approximate ly  8 , 0 0 0  
f t - l b - s e c .  S i n c e  t h e  r e v e r s e  maneuver must  be performed a t  9 
i n  F i g u r e  6 ( i . e .  a AH = - 8 , 0 0 0  f t - l b - s e c ) ,  t h e  t o t a l  r e q u i r e d  
change i s  s e e n  t o  exceed t h e  i . 6 , O O O  f t - l b - s e c  c a p a c i t y  of t h e  

Y 

SVWS CMGS . 
I V .  SUMMARY AND CONCLUSIONS 

I t  i s  concluded from t h e  r e s u l t s  summarized i n  Table  1 
t h a t  t h e  CMGs may be used t o  good advantage  t o  minimize t h e  
amount of  RCS p r o p e l l a n t  r e q u i r e d  t o  perform t h e  Ea r th -po in t ing  
exper iments .  I n  f a c t ,  t h e  CMGs cou ld  be t h e  pr imary s y s t e m  
which r e q u i r e s  on ly  an o c c a s i o n a l  ass is t  from t h e  RCS. 

Another p o i n t  which shou ld  be  made h e r e  i s  t h a t  t h e  
momentum p r o f i l e  i l l u s t r a t e d  i n  F i g u r e  5 can be achieved  i n  
such  a way t h a t  t h e  gimbals of  t h e  CMGs remain away from t h e i r  
s t o p s .  F u r t h e r ,  t h i s  momentum p r o f i l e  can be achieved  w i t h  
e i t h e r  t w o  o r  t h r e e  CMGs a s  long  a s  some form of momentum dump- 
i n g  s t r a t e g y  i s  a v a i l a b l e .  The q u e s t i o n  of whether  o r  n o t  t h e  
con t ro l  law which i s  s e l e c t e d  f o r  c o n t r o l l i n g  t h e  SW7S i n  t h e  
so l a r  i n e r t i a l  mode w i l l  a l s o  be a c c e p t a b l e  f o r  c o n t r o l  i n  an 
E a r t h - p o i n t i n g  mode i s  p r e s e n t l y  be ing  s t u d i e d .  

e i t h e r  A 0 1  o r  A 0 2 .  That i s ,  t h e  CMGs can  c o n t r o l  t h e  s p a c e c r a f t  
a t t i t u d e  much more a c c u r a t e l y  than  an RCS whose c o n t r o l  l a w  
r e q u i r e s  ( a t  p r e s e n t )  a 0 .5  deg ree  deadband. Th i s  means, i n  
t u r n ,  t k a t  t h e  E a r t h  Resources Experiments can  be p o i n t e d  w i t h  
b e t t e r  accuracy .  

There i s  ano the r  reason  f o r  p r e f e r r i n g  C03 t o  C 0 2  w i t h  

F i n a l l y ,  some impor tan t  t e c h n i c a l  r e s u l t s  a r e  p r e s e n t e d  
Chief among these i s  t h e  demonst ra t ion  o f  t h e  f a c t  t h a t  i n  52 .  
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b i a s  momentum accumula t ion  i s  p r i m a r i l y  a b o u t  t h e  a x i s  which 
i s  p e r p e n d i c u l a r  t o  t h e  o r b i t  p l a n e .  A d e t a i l e d  s t u d y  o f  92 
w i l l  also reveal  a fundamental  d i f f e r e n c e  i n  t h e  way CMGs oppose 
e x t e r n a l  t o r q u e s  a c t i n g  on t h e  v e h i c l e  i f  t h e  d e s i r e d  a t t i t u d e  
i s  s p i n n i n g  r e l a t i v e  t o  a set o f  i n e r t i a l  c o o r d i n a t e s .  
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ATTITUDE OPTION 1 

@ ACQUIRE LOCAL VERTICAL FROM SOLAR INERTIAL, 

@ I N I T I A T E  GRAVITY-GRADIENT DUMP MANEUVER. 

@ REVERSE P ITCH RATE AND CONTINUE DUMPING. 

@ REACQUIRE LOCAL VERTICAL BY REMOVING P ITCH RATE. 

@ REACQUIRE SOLAR INERTIAL. 

FIGURE 2 



ATTITUDE OPTION 2 

@ INIT IATE ROLL MANEUVER TO ALIGN EXP. A X I S  W I T H  
THE LOCAL VERTICAL AT O R B I T  MIDNIGHT.  

@ REMOVE ROLL RATE, IN IT IATE P I T C H  ORBITAL  RATE. 

@ REMOVE ? ITCH ORBITAL RATE, IN IT IATE RETURN ROLL RATE. 

@ REMOVE ROLL RATE, SOLAR INERTIAL REACQU I RED. 

FIGURE 3 
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A I l I T U D E  OPTION 3 

@ INIT IATE ROLL MANEUVER TO REMOVE P. 

@ REMOVE ROLL RATE, I N I T I A T E  P I T C H  MANEUVER. 

@ REMOVE P ITCH MANEUVER RATE, IN IT IATE P ITCH 
ORBITAL  RATE. 

@ REMOVE P ITCH ORBITAL RATE, I N I T I A T E  RETURN 
P ITCH MANEUVER RATE. 

@ REMOVE P ITCH RATE, I N I T I A T E  ROLL RATE. 

@ REMOVE ROLL RATE. 

FIGURE 6 
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APPENDIX A 

A GRAVITY-GRADIENT DUMP SCHEME 

I f  t h e  l o c a l  v e r t i c a l  mode i s  a c q u i r e d  a t  noon o r  i f  
s u c c e s s i v e  o r b i t s  can be t o l e r a t e d  by t h e  the rma l  and power 
sys tems o f  t h e  s p a c e c r a f t ,  t h e n  t h e  da rk  s i d e  o f  t h e  o r b i t  h a s  
no schedu led  maneuvers. F u r t h e r ,  e q u a t i o n  ( 8 )  s u g g e s t s  t h a t  a 
Y-axis maneuver might  be scheduled  such  t h a t  t h e  momentum 
which accumulates  about  t h i s  a x i s  can be  dumped by t h e  E a r t h ' s  
g r a v i t a t i o n a l  f i e l d .  

Cons ider  t h e  da rk  s i d e  maneuver i l l u s t r a t e d  i n  F i g u r e  
2 .  A c o n s t a n t  r a t e  i s  impar ted  a b o u t  t h e  s p a c e c r a f t  Y a x i s  a t  
t h e  s u n s e t  t e r m i n a t o r  a c a u s i n g  t h e  s p a c e c r a f t  axes  t o  move 
away from t h e  o r b i t  r e f e r e n c e d  sys tem ( O R s ) .  I n  o r d e r  t h a t  t h e  
body a x e s  be  r e a l i g n e d  w i t h  t h e  ORS a t  t h e  s u n r i s e  t e r m i n a t o r ,  
t h e  r a t e  i s  r e v e r s e d  a t  o r b i t a l  midnight  0. Then, a t  t h e  
s u n r i s e  t e r m i n a t o r  @ ,  t h e  r e t u r n  maneuver r a t e  i s  removed and 
t h e  s p a c e c r a f t  geomet r i c  axes  ( G S )  are r e a l i g n e d  w i t h  t h e  O R s .  

T h i s  i s  v e r i f i e d  by t h e  f o l l o w i n g  example. 

From e q u a t i o n  ( 8 ) ,  t h e  Y-axis component o f  t h e  g r a v i t y -  
g r a d i e n t  t o r q u e  on t h e  s p a c e c r a f t  as it r o t a t e s  a b o u t  t h e  Y-axis 
t h rough  an a n g l e  0 away from t h e  ORS i s  g i v e n  by 

(A- 1) 
= 1 . 5 ~ ~  2 [ ( I ~ ~ - I ~ ~ )  s i n  2 8  + 2 1 ~ ~  cos 2 8 1  N 

ggY 

I f  t h e  s u n r i s e  t e r m i n a t o r  i s  d e f i n e d  a t  t = 2rr /3w sec and 
i f  a t  t h i s  i n s t a n t  t h e  Y a x i s  v e l o c i t y  i s  changed from w 

w ( l - ~ ) ,  t h e n  e i s  g iven  by 

0 

t o  
0 

0 

(A- 2 1 e = - E M  (t-r 2 T r  ) . 
0 

0 

N o w ,  s i n c e  t h e  accumulat ion of b i a s  momentum abou t  t h i s  a x i s  
i s  4 6 4 5  f t - l b - s e c  p e r  o r b i t ,  t h e r e  w i l l  be approximate ly  3100 
f t - l b - s e c  accumulated between t h e  t e r m i n a t o r s .  Th i s  must be  
dumped on t h e  da rk  s i d e  and ,  s i n c e  t h e  maneuver i s  symmet r i ca l ,  
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h a l f  o f  t h i s  amount o r  1 5 5 0  ft-lb-sec must be  dumped between 
t h e  s u n s e t  t e r m i n a t o r  and midnight .  From e q u a t i o n  ( 7 )  t h e  
change i n  Y-axis momentum i s  e q u a l  t o  t h e  i n t e g r a l  of t h e  e x t e r -  
n a l  t o r q u e  over t i m e .  T h i s  l e a d s  t o  t h e  f o l l o w i n g  e x p r e s s i o n  
for t h e  r e q u i r e d  dumping maneuver 

n/3wo 
(A-3) -1550 = 1 . 5 ~ ~  2 / [ 2 1 x z  C O S ( 2 E W O d  - (Izz-Ixx ) Sin(2EWo?)]dr ,  

0 

where t h e  s u b s t i t u t i o n  T = ( t - 2 ~ / 3 w  ) h a s  been made. The 
s o l u t i o n  o f  (A-3) can  b e  expres sed  i n  t h e  form 

0 

where : ) 2 ]  I and 2 
A = [41  xz  + ( I z z - I x x  

-1 21xz 
6 = t a n  ( Izz-Ixx) 

T h i s  i s  a t r a n s c e n d e n t a l  e q u a t i o n  and must be s o l v e d  approximate-  
l y .  Using t h e  mass p r o p e r t i e s  of t h e  SWJS l e a d s  t o  t h e  s o l u t i o n  
( o b t a i n e d  g r a p h i c a l l y )  E = 0 . 4 5 .  T h i s  i m p l i e s  a maximum a n g u l a r  
v a r i a t i o n  from t h e  ORS of -27 d e g r e e s  a t  o r b i t a l  midn igh t .  Tha t  
i s  I 

Q 

(A-5 1 e ( n / w 0 )  = -27 d e g r e e s .  


